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ABSTRACT 4

This report deals with the horizontal shear resistance and behavior
of prestressed concrete composite beams when the interface is selected to
pass through the centroid of the composite section. Composite beams pro-
portioned in this manner are referred to as prestressed split beams. A total
of eight simply supported split beams were statically tested with the major
variables being interface roughne's and reinforcement parameter rf, . ir
and fy are the percent and yield point of the web reinforcement across the
interface.) All test beams were posttensioned and grouted and had the same
nominal dimensions. Beams with rough interfaces showed an increase in the
ultimate horizontal shear strength of about 100 psi over that of ““duplicate”’
beams with smooth interfaces. The ductility and the energy absorption
capacity increased with rf, . The ultimate horizontal shear strength for
beams with r f, = 0 was in excess of 400 psi and increased at the rate of
about 60 psi per 100 psi increase inr fy. The two beams with the highest
value of rfy failed in flexure. In spite of developing slip at the interface,
these two beams developed the calculated flexural resistance based on full
composite action. The horizontal shear resistance of the test beams failing
in horizontal shear was much higher than the computec values based on the
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INTRODUCTION
General

In order to minimize the amount of prestressing steel in a concrete
beam, Amirikian! proposed that the prestressing be limited only to the zone
which would be subject to tensile stresses if the beam were unprestressed.
He termed this design criterion split-beam prestressing. A beam designed
to satisfy this criterion may be thought of as a special case of a prestressed
composite beam for which the interface is selected to pass through the cen-
troid of the composite section.

Bryson and others? studied the flexural behavior of concrete beams
prestressed according to Amirikian's proposed criterion; these beams were
referred to as prestressed split beams, or simply, split beams. Their test
results indicated that the ultimate resistance of split beams was very close
to that of conventionally prestressed beams. They concluded that the adop-
tion of the method of split-beam prestressing allows a significant reduction
in the amount of prestressing steel. However, a detailed study of horizontal
shear resistance of split beams was outside the scope of their investigation.

The possibility of horizontal shear failure of general composite beams
has been of concern to many investigators.38 Recommendations aimed at
avoiding this type of failure can be found in many other publications,3-1°
but a general theory or even a hypothesis of failure that is consistent wich
the accepted theories of concrete failure is still nonexistent. The issue of
finding a general expression for the horizontal shear resistance remains
controversial. 16-20

Since split beams are a special case of composite beams for which
the maximum horizontal shear stresses occur at the interface, a study of the
horizontal shear resistance of split beams is essential to ensure their “'safe”’

_design. Such a study could also shed more light on the behavior of general

composite beams.
Objective
The overall objective of this study was to evaluate the horizontal

shear strength at the interface between the precast and the cast-in-situ parts
of a prestressed concrete split beam. Specifically, two objectivas were
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considered: (1) the influence of interface roughness on the horizontal shear
strength, and (2) the effect of varying the amount and strength of the web
steel across the interface on the behavior and shear-transfer strength of split
beams.

Scope

Eight prestressed concrete split beams were statically loaded to failure.
The eight test beams formed four sets, with each set composed of two beams
that were "'identical’’ except for the interface roughness. Interfaces were fin-
ished either to a rough surface using a wire brush or to a smooth surface using
a steel trowel. The main variable among the four sets was the reinforcement
parameter r f,, where r is the percent of web reinforcement across the interface
and fy is the yield point of the web reinforcement. No attempt was made to
vary the concrete strength, the level of prestressing, or the shear-span-to-depth
ratio.

TEST PROGRAM
Test Beams

The test specimens consisted of eight posttensioned, prestressed com-
posite (concrete-to-concrete) beams. Each beam was symmetrically loaded
and simply supported over a span of 8 feet. The eight test beams constituted
four pairs of companion specimens. The two beams of each pair were nom-
inally identical, the only variable being the treatment (smooth or rough) of
the interface between the precast and the cast-in-situ parts of the beam. The
principal variable among the four pairs was the percent of web reinforcement
crossing the interface.

In order to meet the conditions of split-beam prestressing,! the beam
dimensions {Figure 1) were selected such that the interface would be at the
same location as the centroidal axis of the composite section. The beams were
also designed in such a way that high shear stresses would be produced at the
interface prior to flexure, diagonal tension, or web failure.

The beams are designated by one letter followed by one number.

The letter refers to the smooth (S) or rough (R) condition at the interface.
The number is the value of the percent of reinforcement crossing the interface
to the nearest 0.1%. For example, a beam designated by S0.7 has a smooth
interface and a reinforcement crossing the interface of approximately 0.7%.
Table 1 lists the properties of the test beams including the prestressing data.
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Materials

Concrete. Due to the small size of the beams, model concrete
was used with the mix design based on the recommendations given in
Reference 21. The concrete was a mixture of type |l portland cement,
San Gabriel River aggregate, and Port Hueneme city water. A cumulative
gradation curve for the aggregate is shown in Figure 2. The concrete pro-
perties for all the beams are listed in Table 2, including concrete strengths
obtained from tests of 6 x 12-inch control cylinders.

Sieve Designation
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Figure 2. Sieve analysis of aggregate.
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Grout. The constituents of grout were extra fine aggregate (all
passing U. S. standard sieve no. 100), cement (type Il portland), water,
and a water-reducing admixture (Plastocrete). The weight ratios of the
aggregate to cement and the water to cement were 0.34 and 0.50, respec-
tively. Plastocrete was added at the rate of about 5 ounces per 100 pounds
of cement. Figure 3 shows the variation of grout strength with age for a
trial batch with a water-to-cement ratio of 0.55 (by weight).

Reinforcing Steel. The prestressing steel used was seven-wire uncoated,
stress-relieved strands, 7/16 inch in diameter and 0.109 in.? in area. Tests gave
an average elastic modulus of 29 x 108 psi and an average ultimate stress of
243 ksi. A typical stress—strain curve is shown in Figure 4. The unstraightened
strands were received in a coil about 5 feet in diameter, weighing about 200
pounds.

The web reinforcement was either 12-gage or 8-gage wires with a
nominal diameter of 0.1055 inch or 0.162 inch, respectively. The yield point
and ultimate stress averaged 24.6 ksi and 41.8 ksi, respectively, for the 12-gage
wire; the corresponding values for the 8-gage wire were 33.5 ksi and 47.9 ksi.
The stress—strain curves were of the type which have a long plateau at the
yield point.

Fabrication
= 56000
=% — -— ()
g 4000 ’/W’ Forms. The test beam was
g 3,000 of cast in a steel and wood form. The
‘g steel section, which consisted of two
% 2,000 4 x 1-5/8-inch nominal-size channels
g 1,000 connected to a 1/4-inch plate, was
g 0 used in conjunction with two differ-
Y J 19 '8 ent wooden sections for casting both
Age (days) the precast and the cast-in-situ parts
Figure 3. Variation of grout strength with  of the beam (Figure 5). The wooden
age for 3x 6-inch cylinders. section used for casting the cast-in-

situ part was made in such a way that
the camber of the precast part due to prestressing would be allowed without
any restraint. The beam forms as well as the 6 x 12-inch control-cylinder
molds were cleaned and oiled prior to each casting operation.

Mixing and Casting. All concrete was mixed in a 6-ft3-cupacity mixer
with a nontilting drum. Before each batching, the maisture content for the
aggregate was determined, and the weights of the ingredients were based on
the saturated surface-dry condition of the aggregate. The mixing time was
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Figure 4. Tensile stress—strain curves

for 7/16-inch seven-wire strand.

temporary hangers
( for stirrups
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approximately 6 minutes. Following
a butter mix of about 1 ft3, a batch
of about 4 ft* was used for each cast.
Slump {Table 2) was measured imme-
diately after mixing.

Twelve 6 x 12-inch control
cylinders were cast with each precast
part of the test heams, and six such
cylinders were cast with each cast-in-
situ part. Two kigh-frequency form
vibrators provided continuous vibra-
tion of the beam form during casting.
The concrete for each control cylinder
was placed in two lifts; an internal
vibrator was used for vibrating each
lift.

Finishing and Curing. Several
hours after casting, the concrete top
surface of the precast beam part, that
is, the interface, was finished to either
a smooth surface using a steel trowel

4-in. channel 7.25 Ib/ft

o 2.51n. -0 1/4-in. steel plate / L 25 in.-—l

(a) Setup for casting the
precast part.

{b) Setup for casting the
cast-in-situ part.

Figure 5. Forms for casting the precast and the cast-in-situ parts

of test beams.
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or a rough surface using a wire brush. The relative roughness can be visualized
by comparing the finish of the two interfaces shown in Figure 6. The top sur-
faces of all cast-in-situ beam parts and al! contro! cylinders were troweled
smooth.

After casting the precast beam part, wet burlap was used to cover the
concrete surface. Experience indicated that it was best to leave the beam in

the form for at least 2 days; otherwise, the beam would break during handling.

After the form was stripped, the precast beam part was wrapped in wet burlap
until the tests of the control cylinders indicated enough strength for prestress-
ing. Within 24 hours after prestressing and grouting, the cast-in-situ beam part
was cast on the top of the precast beam part. The same curing procedure for
the precast beam part was followed for the composite beam. Approximately
2 days before testing, the test beam was left to dry in the laboratory air. In
all cases, the treatment of the control cylinders was similar to that of the
corresponding test beam. At the time of testing, the age of concrete for the
precast and the cast-in-situ parts averaged 16 and 6 days, respectively.

wnaih iverface

Figure 6. Beams showing rough and smooth interfaces.




Prestressing. The various components used in the prestressing
operation were:

1. A 30-ton center-hole hydraulic jack driven by a hand-operated
hydraulic pump

2. Ajacking frame

3. Three grips

4. Two sets of load cells and strain indicators
5. Shims of various thicknesses

The general leyout for the prestressing operation together with the details
at the jacking end are shown in Figure 7, and a photograph of a disassembled
grip is shown in Figure 8.

At the beginning of the prestressing operation, grip no. 1 was loosened
so that its gripping action would not take place at the initial stage of the ten-
sioning. When the pump was operated, the travel of the ram was resisted by
grip no. 2 at one end and grip no. 3 at the other end of the beam (Figure 7a).
The thrust was transferred from the jack to grip no. 2 through a washer, load
cell no. 1, the jacking frame, the test beam, to load cell no. 2, in that order.
A 1/2-inch bearing plate embedded in the beam (Figure 7b) was used to
distribute the thrust transmitted to the beam through the jacking frame.

A similar plate was used at the unjacked end for the same purpose. The
tensioning was temporarily stopped when the reading of the strain indicator
corresponded to a thrust of about 10 kips. Grip no. 1 was then tightened
until its gripping action started to take place. At this stage, no shims were
used, that is, grip no. 1 was directly in contact with the bearing plate of the
jacking beam end. The jack pressure was then released. As a result, load cell
no. 1 indicated a zero thrust, that is, there was no tension in the part of the
strand between grip no. 3 and grip no. 1. Load cell no. 2, however, indicated
that the tension trapped in the strand between grip no. 1 and grip no. 2 was,
on the average, 6.5 kips. The drop of the value of thrust from 10 kips to
6.5 kips, or the prestress loss, is due to anchorage take-up at grip no. 1.

The jack pressure was applied again causing a retensioning of the part
of the strand between grip no. 1 and grip no. 3. When the thrust at load ccll
no. 1 exceeded about 6.5 kips, a gap started to form between grip no. 1 an1
the bearing piate at the jacking end of the test beam. The gap size increased
with further increase in the jack pressure. A shim (or shims) in the form of
a split washer was inserted in the gap. The jack pressure was released again
causing the thrust at load cell no. 1 to drop back to zero and the thrust at
load cell no. 2 to reduce in value. The reduction in the value of thrust at

10
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load cell no. 2 was proportional to the clearance required for the insertion

of the shim(s). The thickness of the shim(s) selected was such that the thrust
indicated by load cell no. 2 after the final release of the jack pressure was as
close as possible * . a preselected value. The maximum value of thrust, which
is that recorded just before the final release, was the jacking prestress force
denoted by Fg; in Table 1. The initial prestress force, F,, was that indicated
by load cell no. 2 just after the final release. The etfective prestress force,
F,e. was recorded at the time the composite section was tested.

After the initial prestress force was recorded, the jack travel was
decreased until it was possible to disassemble grip no. 3. Gripsno. 1 and 2,
shim(s), and load cell no. 2 remained attached to the beam until after testing.

Two control cylinders were tested in compression prior to the pre-
stressing operation to determine whether the concrete had gained enough
strength. During or immediately after prestressing, four more cylinder tests
were performed to evaluate the compressive strength and splitting tensile
strength of the concrete.

Grouting. On the same day of casting the cast-in-situ part of the test
beam, the precast prestressed part was placed in a form (Figure 5b) with the
interface in a horizontal plane. When the form was completely assembled,
the longitudinal axis of the precast beam part was forced to lie in a vertical
plane. In other words, any sway that resulted from the prestressing was
eliminated. The induced stresses resulting from this alignment were con-
sidered negligible.

The grout conduit (Figure 7b) was a corrugated flexible metal tube
with 3/4-inch and 1-1/8-inch inside and outside diameters, respectively. The
main part of the grout conduit surrounded the steel strand throughout the
beam length. Two 1/8-inch-diameter holes were drilled in the bearing plates,
which were embedded at the beam ends, for proper positioning of the main
conduit. At about 6 inches from each end of the beam, the grout conduit
branched upward. One of the branches served as an inlet for the pumped
grout (Figure 7b); the branch at the other end served as an outlet for the
air that would be displaced by the grout.

The grout ingredients were thoroughly mixed by hand and then fed
into a grout pump. The grout pump was essentially a steel container connected
to an air-pressure outlet. When the air-pressure valve was opened, the grout
was pumped through a hose into the inlet of the grout conduit. The pumping
was continued until grout was forced out of the conduit branch at the other
end of the beam.

After grouting, the cast-in-situ part of the beam was cast. The
prestressing was not released even after the grout gained **full” strength.

N
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Figure 8. A disassembled grip.

Loading Equipment

The loading was applied by a 10-ton-capacity hydraulic jack driven
by a hand-operated hydraulic pump. The jack (Figure 9) was connected to
arigid loading frame. The force provided by the jack was transmitted to
the beam through a 10-ton-capacity load cell, a rocker, a bearing plate, o
steel 1-beam, and two sets of rockers and bearing plates, in that order The
load cell was connected to a strain indicator that measured the total apphed
load. Another strain indicator was connected to the load cell at the beam
unjacked end for measuring the change in the prestressing force during the
test. The steel I-beam distributed the jack load equally to the two loading
points of the test beam.

Slip between the precast and the cast-in-situ parts of the beam was
observed at three locations along the interface as shown in Fiqure 9. Dial
gages graduated to 0.001 inch were used for measuring bhoth the shp an.d
the midspan deflection.

All control cylinders were tested in a 400,000 pound-capacily
untversal testing machine,

Test Procedure

The beam was aligned so that the load was apphed symmetrically
and so that no torsional moments should develop. The beam test continued

for about 2 to 3 hours, and the failure load was reached in 20 to 30 incre nents.
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The first eight increments of load were 500 pounds each. The magnitude of
the load increments was then reduced to 250 pounds until the beam failed.
Immediately after each load increment was applied, readings of slip and mid-
span deflection gages were recorded together with the strain reading for the
load cell at the beam end. The beam was marked at the locations of newly
developed cracks and/or the extensions of preexisting cracks. A second set
of readings was recorded prior to the addition of a new load increment.

Twelve control cylinders were tested for each test beam to determine
the compressive strength and the split-cylinder tensile strength for the two
beam parts. The stressing rate for the six compression tests was 35 psi/sec;
for the six splitting tensile tests it was 110 psi/min. These rates conformed
with ASTM C 39-66 and ASTM C 496-66, respectively.

RESULTS AND DISCUSSION
Beam Behavior and Mode of Failure

Failure occurred along the interface for test beams with a reinforce-
ment parameter, rfv, of 176 psi or less. Beams S2.0 and R2.0, which had
reinforcement parameters of 670 psi, developed some cracks along the inter-
face prior to failure in flexure. Interface cracking dominated the crack pattern
of the entire span of beam S2.0 but was limited to the constant-moment region
(the region between the two loading points) of beam R2.0. The condition of
roughness at the interface did not influence the behavior and mode of failure
of companion beams failing along the interface. However, the failure loads
were consistently higher for beams with a rough interface as compared with
their companion beams with a smooth interface. Distinct behaviors and
modes of failure were observed when the reinforcement parameter varied
from 0 to 670 psi. In the following discussion, beams are grouped according
to the value of the reinforcement parameter, r fv.

Beams With an rf, of 0 and 73.5 psi. During the initial stages of loading,
the beam’s midspan deflection was proportional to the applied load up to about
80% of the load at first cracking. When the load reached about 5 kips, one or
more flexural cracks opened within the constant-moment region. Additional
load increments caused some of the existing cracks or newly developed cracks
to extend above but not along the interface. At about 80% of the failure load,
flexural cracks opened within one or both shear spans only several inches from
a loading point. Such cracks extended towards the loading point and stopped
underneath it. With a further increase in the load, the beam failed suddenly
due to a separation along the interface. This separation extended from a point
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near one of the beam reactions all the way to the beam midspan. Beam
RO0.0, showrt in Figure 10, has a typical crack pattern after failure of beams
with rf, < 73.5 psi. Splitting along the interface took place between the
reaction and the neighboring beam end only for beams with a smooth inter-
face. Simultaneously with the interface splitting, a “"relief crack’’ opened
across the top flange about 5 inches from the support as shown in Figure 11.
After failure, the load dropped to about 4.3 and 6.0 kips for beams with an
rfv of 0 and 73.5 psi, respectively.
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loading frame I a— hydraulic jack
strain gage i strain gage
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Figure 9. Test setup.

Prior to failure, there was no change in the value of the prestressing
force at the beam end. This indicates that the grout strength was high enough
for bonding. At failure, beams that showed a change in the prestressing force
were those which failed at the unjacked end or where the load cell was pro-
vided. It is interesting to note that all beams with a rough interface failed at
the unjacked end, while beams with a smooth interface failed at the jacking
end.
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Figure 10. Typical failure of test beams with r fy < 73.5 psi.
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Figure 11. Cracking of top flange.
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Beam S0.0 was the only beam in this group that developed visible
cracking along the interface prior to failure; this occurred when the load
was about 95% of the ultimate load. For all beams of this group, the max-
imum value of measured slip was limited to about 0.001 inch until failure.
When failure occurred, however, the slip suddenly increased to about 1/4
inch,

Beams With an rfv of 176 psi. The two beams, S0.7 and RO.7,
forming this group behaved similarly to the beams with smaller values of
rfy in that: (1) before cracking, the midspan deflection was proportional
to the applied load, (2) the first visible cracks were flexural cracks appear-
ing within the constant-moment region, and (3) flexural cracks appearing
within the shear span developed near a loading point and progressed towards
it but stopped underneath it. Further loading did not cause sudden splitting
as in the case of beams with rf, < 73.5 psi. Instead, cracks became visible
along the interface at both shear spans of the test beam; this was accompa-
nied with a noticeable increase in the measured slip. After the appearance
of interface cracking and with further loading, the beam deflected at a faster
rate. As the load approached failure, spalling of the concrete cover took place
at the stirrup locations at the interface within only one of the two shear spans.
Also, the concrete showed signs of crushing in the neighborhood of the load-
ing point at the end of the shear span showing greater distress. At this stage,
a slight increase of load produced large deflection and slip, leading finally to
failure. Figure 12 is a photograph of the jacking end of beam S0.7, where
failure took place. Spalling of the concrete cover at the stirrup locations
was not as severe at one face of the beam as it was at the other face. This
raised the question whether the stirrups were symmetrically embedded in
the beams. However, closer examination of the beams after failure showed
that one or more stirrups were ruptured at both branches.,

As for beams with smaller rfy, there was no change in the prestressing
force, measured at the beam unjacked end, prior to failure. At failure, beam
RO.7, which failed at the unjacked end, showed an increase in the prestressing
force of about 1 kip.

Beams With an r f, of 670 psi. This group consisted of the test beams
$2.0 and R2.0. Both beams failed in flexure, but the patterns of crack forma-
tion for the two beams were different. |n the early stages of loading, both
beams behaved similarly to the beams with smaller values of rf,. At higher
loads, beam $2.0 behaved similarly to the beams with an rf, of 176 psi, until
cracks were developed along the interface within the two shear spans. How-
ever, increasing the applied load did not increase the slip drastically and did
not cause any spalling of the concrete cover at the stirrup locations. As the
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load was further increased, cracks along the interface developed almost
everywhere between the two reactions including the constant-moment
region. Near the supports, the interface cracks branched diagonaliy
downward and progressed towards the reactions. Within the constant-
moment region, cracks were visible at several locations where the web
meets the bottom flange.

Figure 12. Severe cracking along the interface of test beams with
rf, = 176 psi.

The load cell at the unjacked end of beam S2.0 showed an increase in
the prestressing force when the applied load reached 11.25 kips. Additional
load increments caused the top flange to develop a relief crack within the
shear span at about 3 inches from the unjacked end. This caused a drop in
the prestressing force of about 3 kips. Prior to beam failure, a similar relief
crack opened close to the jacking end, and signs of concrete crushing appeared
at the loading points.

Failure occurred by the crushing of concrete underneath a loading
point as shown in Figure 13; this was accompanied by a separation along the
interface between the two supports. At failure, the increase in the value of
the prestressing force at the beam end was 7.5 kips.

18
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Figure 13. Flexural failure of beam S2.0.

Among all the test beams, R2.0 was the only beam that did not develop,
within the shear spans, visible splitting cracks along the interface or reliet cracks
at the top flange. The beam failed in flexure at a load slightly higher than the
calculated flexural resistance. The maximum value of measured slip did not
exceed 0.002 inch even after failure occurred.

Flexural cracks in beam R2.0 appeared first within the constant-moment
region then within the shear spans near the loading points. When the load was
increased, flexural cracks within the constant-moment region reached the inter-
face and then extended down both sides along the interface. Flexural cracks
within the shear spans turned towards the loading points and crossed the
interface without traveling along it. Several diagonal cracks originated in the
web within the shear spans but did not develop into interface cracking. Prior
to failure, the constant-moment region was dominated by three types of cracks:
(1) flexural cracks mostly within the precast beam element, {2) splitting cracks
along the interface, and (3) cracks parallel to the longitudinal beam axi» located
at the junction of the web and the bottom flange. The flexural failure of the
beam took place at the load point near the unjacked end with separation of the
two beam parts at the interface within the constant-moment region (Figure 14).
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Figure 14. Flexural failure of beam R2.0.

Deviation From Condition for Split-Beam Prestressing

According to Reference 1, split-beam prestressing requires the interface
to pass through the centroid of the composite section. This condition was one
of the criteria that governed the design of the test beams. A check is, therefore,
required to see whether this condition is still satisfied when the actual, rather
than the nominal, section properties are the basis for the calculation. The like-
lihood of satisfying this condition precisely is remote; however, one can expect
a narrow margin within which the test beams satisfy this condition of split-beam
prestressing. In order to find such a margin, a yardstick is needed to determine
a meaningful measure of the deviation from the condition that the interface
must pass through the centroid. The measure adapted herein is the ratio of the
horizontal shear stress at the interface to that at a plane parallel to the interface
and passing through the centroid of the composite section. This ratio is equal
to the ratio Q;/Q,,,, where Q, and Q,,, are the first moments of area (about the
maximurmn principal axis of inertia) for the areas above the interface and above
the plane through the centroid, respectively.
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According to this definition, a split beam is a composite beam with
the value of Q,/Q,, being unity. The values of Q;/Q,,, for all the test beams
are shown in Table 3. The deviation of the value of Q,/Q,, from unity did
not exceed 0.01 for any of the test beams. |t can be said, therefore, that
the test beams satisfied the split-beam prestressing requirement within the
narrow margin of 0.01.

Calculated Stresses and Resistances

Utilizing the actual material characteristics and the geometry of the
test beams, the properties of the beam sections were determined at the time
of prestressing and at the time of testing and are tabulated in the Appendix.
These properties were used to evaluate the normal and shear stresses, load at
first flexural cracking, and the ultimate flexural resistance of the test beams.
The elastic modulus for concrete was based on Section 8.3.1 of the ACI
Code.??

Stresses Before and at Initiation of Flexural Cracking. The stress
distribution patterns at the midspan of the test beams were determined for
three stages of loading conditions, namely:

Stage A — Prestressing-steel stress equals the measured jacking
stress f;; (Table 1), considering the dead weight of the
precast part to be the only applied load.

Stage B — Prestressing-steel stress equals the measured effective
stress g (Table 1), considering the dead weight of the
composite section to be the only applied load.

Stage C — Bottom-fiber concrete stress equals the concrete
splitting strength (measured from control cylinder
tests) with both the dead weight of the composite
section and the externally applied load acting.

In order to perform the calculations systematically, the five cases presented
in Table 4 were considered. Case 1 directiy yields the stresses required to
determine the stress distribution pattern for Stage A, shown in Figure 15,
The stress distributior pattern for Stage B (Figure 15) was obtained by
superpositioning the stresses from cases 2 and 3 (Table 4).

The value of the concrete strain, €, at the prestressing-steel level
(when the prestressing-steel stress equals the effective stress) plays an impor-
tant role in analyzing prestressed concrete beams. This strain, €., which
was obtained directly from the corresponding stress of Stage B, was used
in determining the stress pattern for Stage C as will be seen from the fol-
lowing discussion.
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Table 4. Basic Cases of Loading Considered for the Determination
of Various Stress Patterns

Forces
Case Exioeral T Section Effective
No. ‘ ] Considered Area
P s
{kips) (kips)
i 0 Fsi precast part only net
2 0 Fsi precast part only gross transformed
3 0 -Fqg composite section gross transformed
4 0 -1 composite section gross transformed
5 1 0 compaosite section gross transformed

In order to determine the stress pattern for Stage C, one needs to
evaluate the value of the externally applied load and the associated increase
in the prestressing force that satisfies the following two conditions: (1) the
bottom-fiber concrete stress equals the concrete splitting strength, and (2) the
increase in the prestressing force is based on the increase in the prestressing-
steel strain above the value €.,,. These two conditions can be written in terms
of the stresses and strains obtained for cases 2 through 5 (Table 4) as below:

foo + fo3 + afyy + Bfpg = Ifgl
and
le gl + aleyl + Blegsl = ——
ESAS
where A, = area of prestressing steel
E, = elastic modulus of prestressing steel = 29 x 108 psi
f,i = bottom-fiber concrete stress from case i
f = splitting concrete strength
i = subscript referring to cases 2, 3, 4, and 5 (Table 4)
a = increase in prestressing force at Stage C above that at Stage B
B = magnitude of the externally applied load, P, at Stage C
€. = algebraic sum of concrete strains at the steel level from
cases 2 and 3
€. = concrete strain at the steel level for case i

Cst




These two simultaneous equations yielded the values of a and g that
determined the stress pattern for Stage C (Figure 15). This was done
by superpositioning the stresses obtained for case 2, case 3, a times the
stresses for case 4, and § times the stresses for case 5.

It is to be emphasizad that the value of 8 is the magnitude of the
externally applied load at first cracking, P,
the flexural cracking is initiated when the concrete tensile stress reaches
f- 1tis, therefore, interesting to compare this predicted cracking load,
Pcp. with the load at the first observed flexural crack, P.

Values of P; and P, are listed in Table 3 and are plotted in
Figure 16. The ratio of measured to predicted load at first cracking,

based on the criterion that

P./P.,. ranged from about 0.8 to 1.0 (Table 3).
7.0
{ fi Measured, P[] Predicted, P,
; % 60 —
g - ]
b B p—
R 50 —Ny
(8]
¥
3 4.0 - -
! $
('S
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2 20 —tl - ]
£ i
§ 1.0 _ -

S0.0 R0O.0 S0.3 RO.3 S0.7 RO.7 S2.0 R2.C
Beam Designation

Figure 16. Measured and predicted loads at initiation of flexural cracking.

Stresses at Ultimate Load Versus Ultimate Strength. In order to
decide whether a calculated stress at failure is the ultimate strength, the
failure mode has to be recognized. One of the best approaches to identify
the failure mode of a reinforced concrete member is to examine the crack
propagation pattern. Another approach may be to see whether the pre-
dicted resistance, for a particular failure mode, was developed. The latter
approach, however, depends heavily on the level of confidence in the
assumptions made to predict the resistance. For the problem in hand,
examination of the crack patterns leads to the conclusion that the test
beams with rf, < 176 psi failed in shear transfer while the two beams
! with rfy = 670 psi failed in flexure. In order to check whether a simitar
conclusion could have been reached by comparing the failure load, P,

M S e o S X
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with the predicted flexural resistance, P, (assuiming full composite action),
Figure 17 was constructed. Indeed, the ratio P /P, reached or exceeded
unity for only the two beams with rf, = 670 psi. That is, increasing rfv to
670 psi caused the test beam to sustain loads as high as their predicted flex-
urdl capacity, and, therefore, failure in flexure is to be expected.
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Figure 17. The ratio of measured ultimate load to predicted flexural
resistance.

Frorn Figure 17 (or Table 3) and the crack pattern at failure of the
test beams discussed earlier, one concludes that horizontal shear stresses cal-
culated at failure for beams with r fv < 176 psi are the ultimate resistances.
Also, one arrives at the obvious conclusion that r fy is a parameter that plays
a major role in resistance to shear transfer. For test beams with rf, = 670 psi,
the calculated values of horizontal shear stresses at failure constitute a lower
bound of ultimate shear strength; that is, the calculated horizontal shear
stresses are equal to or less than the ultimate values.

Deflection Response

As mentioned earlier, the load—midspan deflection response for all
test beams was fairly iinear in the early stages of loading. Figure 18 shows
the deflection response for each set of companion beams, which differed
mainly in the condition of roughness at the interface. Although consistent,
the superiority of beams with rough interfaces was not too pronounced.
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Comparing the responsc of beams with different reinforcement parameters,
rf,. one finds that both the “ductility” and the energy absorption capacity
increased with the increase inr f, .

The ratio of the midspan deflection at ultimate load, w,,, to that at
first cracking, w,, could be considered a measure of ductility. Table 3 lists
the values of w,/w, for each test beam, and Figure 19 shows the graph of
w,/w as a function of rf . It is obvious that beams with rf = 176 psi
were far superior in ductility to those with rf < 73,5 psi, regardless of
the condition of roughness at the interface.

Load—Slip Diagrams

The graphs shown in Figure 20 give the relation between the
maximum recorcd value of slip and the magnitude of the load at which
this slip was recorded. Due to the limited number of slip measurements,
the maximum recorded slip constitutes a lower bound to the actual value
of maximum slip. Therefore, the significance of the magnitudes of slip
presented here is limited only to the comparison of the behavior of the
test beams.

The load at which the value of slip became measurable does not
seem to follow a certain trend or to have a consistent value. After initiation,
the slip increased with the load at a rate of about 0.00015 in./kip of load.
When the slip reached about 0.001 inch, failure cf heams with r fy < 735
psi occurred. For beams with rfv 2 176 psi, however, the slip continued
to increase but at a much tfaster rate. The only exception was beam R2.0,
for which the recorded slip was limited to 0.002 inch until flexure failure
occurred.

The load—slip diagrams suggest that unless an appropriate amount
of reinforcement is provided across the interface, failure could result from
a sudden increase in slip or an eventual separation along the interface. |t
can also be concluded that the provision of reinforcement across the inter-
face with a high r f, would minimize the slip and could lead to a more
favorable mode of failure.

Horizontal Shear Stresses at the Interface

The horizontal shear stresses at ultimate load were evaluated using the
standard formulav = VQ,/Ib’. The assumptions made in obtaining this for-
mula are seriously violated as soon as interface slip and cracking are developed.
However, the use of the formula affords a common basis for comparison.?: !
The value of Q;/Ib’ (Table 3) was based on the gross transformed section at
the middle of the shear span.

27
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Figure 19. The ratio of midspan deflection at ultimate load to midspan
detlection at first cracking.

As mentioned earlier, the ultimate horizontal shear strength for the
test beams that failed along the interface (rfv < 176 psi) is equal to the shear
stress at ultimate load. The ultimate horizontal shear strength for the two test
beams that failed in flexure is at least as high as the shear stress at ultimate load.
Therefore, it is of interest to study the shear stress at ultimate load for all the
test beams.

Figure 21 was constructed with each point representing the horizontal
shear stress at ultimate load for two companion beams—one with a rough inter-
face and the other with a smooth iriterface. The relationship for the ultimate
horizontal shear strengths, Figure 21, may be approximated by

Ve = 100 + v,

where v,,, and v, are the ultimate horizontal shear strength in pounds per
square inch for rough and smooth interfaces, respectively. In other words,
the ultimate horizontal shear strength for rough interfaces was approximately
100 psi higher than that for smooth interfaces when rfy varied between zero
and 670 psi.
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Figure 21. Comparison of horizontal shear stresses at ultimate load
for smooth and rough interfaces.

Figure 22 shows the horizontal shear stresses at ultimate load for the
test beams as a function of the reinforcement parameter rf,. This figure also
shows graphs of functions of ultimate horizontal shear strength obtained from
various sources.

The graphs obtained according to Reference 13 represent the equation
of the shear friction hypothesis (v, = rf, tan ¢) with tan¢ = 1.4 for rough
interfaces and tan ¢ = 0.7 for smooth interfaces. Reference 13 recommended
an upper limitof rf, < 0.15f;, which was selected to terminate the curve for
tan¢ = 0.7 at a value of f, = 4,000 psi. An upper limit of v, < 800 psi was
given by Reference 12 and is shown in Figure 22 on the curve with tan¢ = 1.4.
With such limitations, the shear friction hypothesis gave a conservative predic-
tion of the shear resistance especially for the test beams with low values of rfv.

The graph shown in Figure 22 representing the recommendations of
Reference 10 is based on the equation v, = 2,700/[(a/d) + 5] with the shear-
span-to-depth ratio, a/d, taken as 3.68, which is the average of the values of
a/d, listed in Table 1. Although this equation was intended only for rough-
bonded interfaces, the stress data points for all beams failing along the interface
fell well above the graph of the recommended expression.
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Reference 11 suggests a linear relation between the ultimate horizon-
tal shear strength, v,,, and the percent of reinforcement across the interface,
r, which can be written in the form v, = a, + a, r, where both a, and a, are
functions of the shear-span-to-depth ratio, a/d. This relation does not take
into account the yield point of the web steel, f,. However, the equation
could be rewritten in the form v, = a, + (a,/f,) (rf,), which is suitable for
producing the graphs shown in Figure 22 for Reference 11. The values of
f, = 33.6and 24.6 ksi represent the yield point for the web steel across the
interface for the test beams with rf, = 0 and 670 psiand rf, = 73.5and
176 psi, ‘espectively (Table 1). When a/d = 3.68 is taken as the average
value for the test beams, the values of a, and a,, according to Reference 11,
become 311 and 217, respectively. Using these values, the recommended
relation gives practically the same graph as that recommended by Reference
10, and, therefore, it is also conservative.

The recommendations given in Reference 9 could be written in the
formv, = ¢+ 17,500r, where r is the percent of web reinforcement across
the interface, and c is to be taken as 300 psi for smooth interfaces and 500
psi for rough interfaces. When this relation was graphed in Figure 22, it gave
a reasonable fit for the test data points of the beams that failed along the
interface.

Reference 14 stated that the relation between the ultimate horizontal
shear strength and the reinforcement parameter, rfy, may be obtained using
the concrete failure criterion suggested by Zia.23 The graphs in Figure 22,
according to this recommendation, bounded the test data points from below
while maintaining the same general trend of variation of v, with rf, .

Figure 23 compares the test results to the values recommended in
Section 17.5 of the ACI code.2?2 The ordinate of each point is the value of
the nominal horizontal shear stress at ultimate load, and the abscissa is the
ACI code value for the beam under consideration. It is obvious that the
code values are conservative especially for beams failing in horizontal shear.

FINDINGS AND CONCLUSIONS

1. The major effect of the condition of roughness at the interface of a split
beam is on the ultimate horizontal shear resistance. The ultimate horizontal
shear strength for the test beams with a rough interface was approximately
100 psi higher than that for companion beams with a smooth interface.

2. The reinforcement parameter across the interface, r fv' has a significant
effect on the beam behavior and the mode of failure. An increase in the value
of rfv resulted in an increase in the “‘ductility’’ and the energy absorption
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capacity of the test beam. The ultimate horizontal shear strength for beams
with rf, = O was in excess of 400 psi and increased at the rate of about 60
psi per 100 psi increase in r f, .

3. For values of the horizontal shear stress below 400 psi, the behavior of
all beams was essentially the same, and the maximum value of the recorded
slip was below 0.001 inch. When the maximum recorded slip reached about
0.001 inch, test beams with rf, < 73.5 psi failed along the interface, while
the test beams with rf, = 176 psi offered more resistance but the slip
increased at a much faster rate.

4. The ratio between the load measured at the initiation of flexural cracking
and that predicted assuming full composite action ranged from 0.8 to unity.

5. In spite of the development of slip at the interface, the two beams which
failed in flexure resisted loads as high as the predicted ultimate loads that
were based on full composite action.

6. The ultimate horizontal shear strengths determined from the tests were
much higher than those recommended by the ACI code.22

DESIGN RECOMMENDATION

The interface of a split beam is subjected to the highest value of
horizontal shear stress in the composite section. Accordingly, special
attention should be given to design against horizontal shear failure along
the interface. Chapter 17 of the ACI Building Code Requirement?2 is
recommended for safe prediction of the ultimate horizontal shear strength
of a split beam.
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Appendix

PROPERTIES OF THE BEAM SECTIONS
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LIST OF SYMBOLS

Area of beam cross section (in.2)

Area of prestressing steel (in.2)

Total area of web reinforcement across the
interface (in.2)

Total area of web reinforcement {in.2)

Shear span (in.)

Functions of the shear-span-to-depth ratio, a/d
Width of top flange (in.)

Width of web (in.)

Constant; 300 psi for smooth interfaces, 500 psi
for rough interfaces

Diameter (in.)

Distance from the extreme compression fiber
to the centroid of the prestressing steel (in.)

Distance from the extreme compression fiber
to the centroid of the prestressing steel at the
beam midspan (in.)

Distance from the extreme compression fiber
to the centroid of the prestressing steel at the
middle of the shear span (in.)

Elastic modulus of the cast-in-situ concrete at
the time of testing (psi)

Elastic modulus of the precast concrete at the
time of prestressing (psi)

Elastic modulus of the precast concrete at the
time of testing (psi)

Elastic modulus of the prestressing steel (psi)

Measured prestressing force (kips)

si

Fag

Effective force of prestressing measured at the
time of testing the composite beam (kips)

Initial force of prestressing measured immediately
after the final release (kips)

Maximum jacking force of prestressing measured
before the final release (kips)

Loss in prestressing force from the time
immediately after the final release to the
time of testing the composite beam (=F;
-Fe) (kips)

Bottom-fiber concrete stress at the initiation
of flexural cracking (psi}

Bottom-fiber concrete stress for case i (psi)

Compressive strength of standard concrete
cylinder (psi)

Effective steel stress (=F,4/A,) (ksi)
Initial steel stress (=Fg;/A,) (ksi)
Maximum jacking steel stress (=F /A (ksi)

Concrete tensile strength measured from
split-cylinder test (psi)

Yield point of the web reinforcement (ksi)
4)

Moment of inertia (in.

Subscript referring to cases 2, 3, 4, and 5
discussed in the text

Distance from beam end to first stirrup (in.)
Length within which stirrups are provided (in.)

Total of the two equal loads externally applied
at the quarter points (kips}

Measured load at the initiation of flexural
cracking (kips)
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